Summary. Development of spontaneous diabetes has been monitored in individual Macaca nigra. In this study, pancreatic biopsies were taken, islets were assessed morphologically, and results were related to the metabolic/clinical status. A biopsy or autopsy sample was obtained 4 to 10 years later, and the islet morphological state was again related to the metabolic/clinical status. Metabolic deterioration was correlated to the islet lesion, in which there was gradual loss of islet secretory cells and concurrent amyloid deposition. As nondiabetic monkeys with 0 to 3% islet amyloid progressed up to 20 to 40% amyloid, the insulin secretion and glucose clearance were both decreased (p< 0.01), and the glucose and glucagon levels increased (p= 0.05). Impaired monkeys progressed to overt diabetes when islet amyloid exceeded 50 to 60%. Diabetic monkeys developed hyperglycaemia, along with impaired insulin secretion and glucose clearance (p<0.01). Loss of islet cells results in metabolic deterioration. The lesion precedes development of overt diabetes in Macaea nigra.
Spontaneous diabetes in Celebes black macaques (Macaca nigra) is linked to a lesion in the islets of Langerhans in which there is deterioration of secretory cells and deposition of amyloid [1] . The islet lesion in monkeys is similar to one observed in man for over 80 years [2] . When investigators examined human necropsy pancreatic tissue for the presence of islet amyloid and then retrospectively established the clinical status, at least 40% of the diabetic patients over age 50 were found to have islet amyloid [3] [4] [5] [6] [7] . Whether the islet lesion precedes the diabetes or the diabetes contributes to the lesion has not been established experimentally in man.
However, Macaca nigra can be used to gain information that is probably relevant to the human situation.
In this study, monkeys were classified as nondiabetic (ND) or diabetic (D) [8] . Those intermediate in severity were classified as borderline diabetic (BD). As more information accumulated, it became possible to identify monkeys in which there were minimal glycaemic abnormalities and classify them as hormonally impaired (HI) [9, 10] . These classifications were based upon increasing fasting glucose and glucagon concentrations, as well as decreasing glucose clearance and insulin secretion. Increasing amounts of islet amyloid and concurrent cell deterioration were associated with these metabolic/ clinical states [1, 10] . Since the Macaca nigra colony has now been studied for over a decade it has been possible to longitudinally assess the metabolic and hormonal characteristics of individual monkeys, and to periodically examine the islet morphological state in pancreas sections removed by biopsy or at necropsy. There are now sufficient longitudinal data to conclusively establish the progression of individual monkeys from the N D to the H I / B D state, and from the H I / B D to the D state. Furthermore, the islet lesion in these Maeaca nigra precedes overt diabetes rather than being a secondary development.
Materials and methods

Monkeys
Eighteen monkeys were studied. Fourteen of the monkeys were born at the Oregon Regional Primate Research Center (ORPRC). Metabolic data were collected from the time that monkeys were at least 4 years of age; the oldest known age is > 20 years. Monkeys are sexually mature at about 4years of age and physically mature at about 10years of age; adult females weigh 6 to 8 kg and adult males 8 to 12 kg. The ages of two monkeys obtained as juveniles were estimated from body weight and dentition patterns. Two monkeys were obtained at maturity but of unknown age. These four acquired monkeys have been at the ORPRC for 7 to 10years, so there has been sufficient time to collect metabolic and islet morphological data. Monkeys were fed Purina 15 Monkey Chow with fruit supplements. 
Blood measurements
Food was withheld from monkeys at 16.00 h, and the fasting blood samples were drawn between 08.00 and 09.30 h the next day. Serum was assayed for glucose (Beckman glucose oxidase analyzer; Fullerton, CA, USA) and for insulin (Amersham/Searle radioimmunoassay kit; Arlington Hts., IL, USA). Plasma from 4 ml of whole blood containing 10 U of heparin and 0.2 ml of 1 ml/1 benzamidine. HC1 was assayed for glucagon (04A antibody; Health Sciences Center; Dallas, TX, USA); previous work had established the validity of this assay for monitoring immunoreactive glucagon in these monkeys even though absolute values appear elevated [11] . For an intravenous glucose tolerance test (iv-GTI'), a fasting sample was drawn and 0.5 g of glucose per kilogram of body weight was infused within 30 s. A K value (% glucose clearance/rain) was calculated from samples drawn at 15, 30, and 60 min. The insulin response in an iv-GTl" (AIR/) was defined as the insulin concentration at 15 min minus that in the fasting (time zero) sample [9, 10] . Computation of the metabolic/clinical status encompassed 3 years from the time of the biopsy (+ 1.5 years) and 2 to 3 years before death. Data were available from 3 to 5 iv-GTT and 8 to 12 fasting samples (including zero-time samples from the iv-GTF) on each monkey.
Metabolic/clinical classifications
An earlier classification system [13] was updated [9] [10] [11] [12] and is presented in Table 1 . Limits of K, A IRI, glucose, and glucagon were established for each of the metabolic/clinical stages. The intermediate HI and BD stages were combined in this study. Measurements within the ND limits were assigned a value of 1, the HI/BD intermediate measurements were numbered as 2, and those considered D were given a value of 3. Since glucagon levels rise in the HI/BD stages and then diminish in the D stage to values comparable to those in the ND stage, assessment of their values as 1 or 3 were judged in context with the other measurements. The ND and D monkeys had at least three of four measurements within that category. When a monkey had average metabolic values of 1.0 to 1.25, it was considered as ND; for HI/BD C. F. Howard, Jr.: Diabetes in individual Macaca nigra monkeys, the range was > 1.25 to < 2.75; D monkeys averaged 2.75 to 3.0. A control group included eleven monkeys that did not have islet amyloid and did not have any of the metabolic abnormalities of these categories. Their average age was 11.9years (range of 8.3 to 14.2 years).
Pancreas sections
For biopsies, laparotomies were performed, the pancreas was exposed and the tail was blunt-dissected free of membranes; a portion of the tip was ligated and excised [14] . This procedure assured morphological assessment of islets in a consistently identical anatomical area. The interval between obtaining the first pancreas sample by biopsy and obtaining the second sample by biopsy or autopsy averaged 5.3 _ 0.6 years (range 3.3 to 10.8 years) for the 13 monkeys progressing from the ND to the HI/BD state, and 4.6 + 0.5 years (range of 3.8 to 6.6 years) for the 7 monkeys progressing from the HI/BD to the D state. Two of these monkeys were followed from the ND to the HI/ BD stages, and subsequently to the D stage. The desired interval between biopsies was 4 to 6 years. Sudden death made some samples available earlier, whereas inability to conduct subsequent surgery because it would have been too traumatic for the monkey caused delays in obtaining a second sample, often until the monkey died. Necropsy tissue was removed from monkeys when they were being killed or, in four instances, within 2h after death; the amount of islet amyloid could still be readily measured in the latter cases. Tissue was fixed in buffered neutral formalin, embedded in plastic, and stained with sulfated alcian blue (SAB) or Giemsa. The amount of amyloid was determined by a computerized microphotometry technique (Zonax microscope photometer controller; Zeiss, Inc., Thornwood, NY, USA) [10] . The evaluators of pancreas histology were unaware of the exact metabolic clinical status of each monkey. Reevaluation of the islets by the same observer gave results within + 1%; evaluation of islets by other observers gave values that differed by < 3% of each other. Changing the threshold limits for assessing the computerized image of the islet amyloid by more than 1% gave data that was so incongrous that it could be easily rejected [10] .
Statistical analysis
Data were compared with the Student's t-test; a p value of 0.05 or less indicated significance. For examination of the progression of individual monkeys, the Wilcoxon's rank ordering coefficient was used with adjustment for a two-tailed Student's t-test.
Results
Pancreas pathology
R e p r e s e n t a t i v e islets f r o m m o n k e y s o f d i f f e r e n t m e t ab o l i c states are s h o w n i n F i g u r e 1. I n F i g u r e I A, t h e islet is n o r m a l a n d n o a m y l o i d is p r e s e n t . A n islet f r o m a B D m o n k e y w i t h a b o u t 20% cell loss a n d a m y l o i d rep l a c e m e n t is s h o w n i n F i g u r e 1 B. F i g u r e 1 C is o f a n islet f r o m a D m o n k e y i n w h i c h t h e r e w a s a n average o f 65% a m y l o i d i n t h e islets. k e y s was signific a n t l y greater t h a n i n the N D m o n k e y s ( p < 0.01). T h e ND. From 3 to 11 years later, when the pancreatic islets were again examined and related to the metabolic status, monkeys had deteriorated to the HI or BD state. Monkeys varied in the rapidity of their progression; no time scale is given. Changes in amyloid, K, and AIR/ were significantly different by either statistical method. Use of nonparametric statistics revealed increases in glucose and glucagon (both at p = 0.05). Glucagon values were not available for one monkey studied before the assay was established.
Development of islet lesion and metabolic abnormalities ND to HI/BD.
H I / B D to D. The HI/BD progression to the D state is summarized in Table 3 and Figure 3 . Two of the seven monkeys had been monitored in early life and were included in the ND to HI/BD group. The group differences for the HI/BD versus D monkeys were all significant (p<0.01) except for glucagon. Although the D monkeys had metabolite and insulin responses generally in abnormal ranges, variations in the severity and duration of overt diabetes caused differences in the absolute amounts. Hyperglycaemia is obvious at 140 mg/ dl, but, as with man, a level of 115 mg/dl or greater is indicative of impairment [15] . Glucose values in overtly D monkeys appeared to be less because the data from several years were averaged and included values from both the late BD and the D stages. Only one of the seven D monkeys was maintained on insulin therapy. Some of the islet morphological data came from biopsies performed on monkeys in the early stages of diabetes, whereas others came from autopsies performed on monkeys that had been severely diabetic. Use of nonparametric statistics to examine progression of individual monkeys, as plotted in Figure 3 , also resulted in statistical significance for glucagon differences (p<0.05). Values at the left were determined when the monkeys were in the HI or BD state at the time of the first biopsy, and the deterioration assessed 4 to 7 years later is plotted at the right. Fig.1 A-C. Islets of Langerhans from a nondiabetic monkey (A), a borderline diabetic monkey (B), and a diabetic monkey (C), stained with Giemsa stain. Amyloid in borderline diabetic monkeys surrounded the capillaries and generally stained more intensely than in the diabetic monkeys HI/BD monkeys also had significantly lower K values and AIRI than did the ND monkeys. The average glucagon and fasting glucose values were not significantly different between the groups.
The data for each parameter in individual monkeys are plotted in Figure 2 . The diagram is intended to show how various measurements changed with time. Values at the left were taken when monkeys were considered as
Discussion
The lesion in the islets of Langerhans precedes and relates to the gradual development of diabetes mellitus in Macaca nigra. Nondiabetic monkeys have little or no visible evidence of islet deterioration and deposition of amyloid, whereas HI/BD monkeys all have substantial cell loss and amyloid deposition. The HI and BD monkeys were combined as a group for this study because they represented a spectrum of changes between the ND state and overt diabetes. Some of the HI monkeys only had impaired insulin secretion or increased glucagon levels, whereas others, especially BD monkeys, had both hormonal and glycaemic changes.
Glucose clearance becomes measurably impaired in the HI/BD stage. Fasting glucose, the major criterion for diagnosis of diabetes [16] , remains within the normal range, although postprandial glucose is slightly elevated The K and IRI values were obtained during intravenous glucose tolerance tests (iv-GTT), whereas glucose and glucagon values were from fasting samples and the zero-time samples of iv-GTl'. (K is the percent glucose clearance per rain and AIRI is the insulin increment between zero and 15 min in an iv-GTI). All values are means__+ SEM. b Values are mean ages + SEM in years (range given in parentheses). The first sample was taken by biopsy, whereas the second was either a biopsy or an autopsy sample < 0.01 < 0.001 < 0.01 0.001 NS a The K and IRI values were obtained during intravenous glucose tolerance tests (iv-GTI), whereas glucose and glucagon values were from fasting samples and the zero-time samples of iv-GTT. (K is the percent glucose clearance per min and AIRI is the insulin increment between zero and 15 min in an iv-GTl). All values are means _+ SEM. b Values are mean ages _ SEM in years (range given in parentheses). The first sample was taken by biopsy, whereas the second was either a biopsy or an autopsy sample in BD monkeys [12] . Only when individual monkeys are followed can increases in fasting glucose be established. The updated classification system minimized reliance on a single measurement for establishment of the metabolic/clinical stage. Since individual monkeys do vary somewhat for different metabolic criteria, the system allowed for some flexibility while still assigning limitations on each category. The changes in the metabolic state relative to amyloid are consistent -any loss of islet cells with concurrent amyloid deposition causes significant metabolic deterioration. Control monkeys without islet amyloid did not express the metabolic aberrations described here.
Once amyloid deposition exceeded about 50+%, there was sufficient loss of cells such that each monkey was clinically diabetic, i.e. hyperglycaemic at >115 mg/dl. By then, almost all of the hormone levels and responses were abnormal, and the clearance of glucose was noticeably impaired. Presumably, decreased glucagon levels in D monkeys were due to loss in number of functioning alpha cells. It was possible to obtain data on two of the monkeys at all stages, whereas the others were followed only as they deteriorated from one stage to the next. These data also constitute one of the few instances in which a lesion involving amyloid deposition is specifically linked to subtle metabolic changes.
The time for diabetes development varied for each monkey. Some monkeys showed significant changes in just a few years, whereas others required at least a decade. Individual severity relative to the islet lesion also varied; some monkeys showed noticeable metabolic changes with minimal amyloid, whereas others maintained normal levels until the amyloid was extensive. Effects of this lesion appear analogous to the effects seen after much of the pancreas has been surgically removed, i.e. chronic glucose homeostasis may be maintained but the acute responses are impaired [17] .
The ability to examine pancreatic islets taken by biopsy at various time intervals provided data beyond that available through examination of autopsy tissue alone. Significant islet changes were detectable only if 3 or more years had elapsed before another pancreas section was examined. Pancreas sections, whether from biopsy or autopsy, were always taken from the tail. A variation of + 10% in the percentage of amyloid was found among islet within a section; unlike some results reported on man [18] , there were rarely instances where a few islets were obliterated by amyloid and others appeared normal. A few pancreas available at autopsy were divided into different anatomical regions.
The percentage of amyloid in islets of the tail, body, and anterior head were similar. The amyloid percentages in the islets of the posterior head were more variable than in other areas. Less amyloid has been found in posterior head islets of diabetic humans [19] , but the average percentage in Macaca nigra was only slightly less than that in the tail (unpublished observation). Given that the posterior head comprises only a fraction of the total pancreas and that sections examined in the tail correlate to metabolic changes, the examination of tissue from a standardized site does provide consistency of results.
Establishment of the progression of this lesion in individual monkeys followed longitudinally for years, and association of this lesion with the hormonal changes that eventually lead to the glycaemic alterations characteristic of diabetes, provide proof that this lesion precedes diabetes. Although results do not rule out deposition of amyloid secondary to diabetes, there is no evidence to support such a contention.
Islet amyloid has been found in a significant number of older humans with diabetes, although it has not been possible to establish whether the islet lesion is primary [3, [20] [21] [22] or secondary [7, 18, [23] [24] [25] ] to the diabetes. Most diabetes in older people is generally attributable to causes other than an islet lesion, e.g. obesity, receptor defects, and other causes [26] [27] [28] . The presence of an islet lesion that causes loss or impairment of secretory cells concurrently with amyloid deposition could exacerbate diabetes arising from other causes in some people and be the sole cause for diabetes in others.
